Climate models are important tools that are used for generating climate change projections, in which aerosol-climate interactions are one of the main sources of uncertainties. In order to quantify aerosol-radiation and aerosolcloud interactions, detailed input of anthropogenic aerosol number emissions is necessary. However, the anthropogenic aerosol number emissions are usually converted from the corresponding mass emissions in precompiled emission inventories through a very simplistic method depending uniquely on chemical composition, particle size and density, which are defined for a few very wide main source sectors. In this work, the anthropogenic particle number emissions converted from the AeroCom mass in the ECHAM-HAM
climate model were replaced with the recently-formulated number emissions from the Greenhouse Gas and Air Pollution Interactions and Synergies (GAINS)-model, where the emission number size distributions vary, for example, with respect to the fuel and technology. A special attention in our analysis was put on accumulation mode particles (particle diameter dp > 100 nm) because of (i) their capability of acting as cloud condensation nuclei (CCN), thus forming cloud droplets and affecting Earth's radiation budget, and (ii) their dominant role in forming the coagulation sink and thus limiting the concentration of sub-100 nanometers particles. In addition, the estimates of anthropogenic CCN formation, and thus the forcing from aerosol-climate interactions are expected to be affected. Analysis of global particle number concentrations and size distributions reveal that GAINS implementation increases CCN concentration compared with AeroCom, with regional enhancement factors reaching values as high as 10. A comparison between modeled and observed concentrations shows that the increase in number concentration for accumulation mode particle agrees well with measurements, but it leads to a consistent underestimation of both nucleation mode and Aitken mode (dp < 100 nm) particle number concentrations. This suggests that revisions are needed in the new particle formation and growth schemes currently applied in global modeling frameworks.
Introduction
In recent years, the link between anthropogenic aerosol particle and climate change has been a subject of several studies (e.g. Baker et al., 2015; Zhang et al., 2016) . Anthropogenic aerosol particles play an important role in the global climate system via aerosol-radiation and aerosol-cloud interactions by scattering and absorbing solar radiation and by acting as cloud condensation or ice nuclei, thereby changing many cloud properties (Boucher et al., 2013) . The global and regional radiative effects of aerosol particles depend on the spatial and temporal distribution of the aerosol number size distribution and chemical composition (Lohmann and Feichter, 2005; Schulz et al., 2006; Forster et al., 2007; Stier et al., 2007) .
While anthropogenic primary emissions introduce cloud condensation nuclei (CCN) directly into the atmosphere, a significant fraction of the global CCN population is likely be formed through condensation of organic and other low- 2   32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52   53   54   55  56  57  58  59  60  61  62  63  64 volatility vapors onto ultra-fine particles (particle diameter dp < 100 nm) in the atmosphere (Spracklen et al., 2008; Merikanto et al., 2009; Paasonen et al., 2013) . Aerosol particles and their precursor vapors are being emitted from both biogenic and anthropogenic sources, in addition to which they may also result from interactions between biogenic and anthropogenic emissions (Spracklen et al., 2011; Shilling et al., 2013) . The increasing number concentration of accumulation mode particles decreases the formation and growth of smaller particles by increasing the sink for condensing vapor molecules, termed the condensation sink (CS, Kulmala et al., 2001) , and by increasing the coagulation sink for small freshly-formed particles. Hence, the number concentration of accumulation mode particles from primary emissions affects secondary aerosol formation. The effects of these physical processes on future aerosol climate forcing requires application of detailed aerosol microphysical schemes in global climate models. Furthermore, the global uncertainty in CCN is highly sensitive to the assumed emission size distribution (Lee et al., 2013) .
The global aerosol climate model ECHAM-HAM (Stier et al., 2005; Zhang et al., 2012 ) is a useful tool that aims at increasing our understanding of aerosol-climate interactions. Past simulations performed with the ECHAM-HAM include an extensive analysis of particle nucleation (Makkonen et al., 2009 (Makkonen et al., , 2014 Kazil et al., 2010) , aerosol properties (Roelofs et al., 2010) , and emission data set implementation (Zhang et al., 2012) . Although the ECHAM-HAM has a detailed microphysics module for describing the aerosol size distribution (Vignati et al., 2004) , previous studies have not included an exhaustive module for the input particle number size distribution. Also in other climate models, the mass-only aerosol input is a commonly applied setting (Jones et al., 2007; Shindell et al., 2007) . The main reason behind this resides in the structure of the input data rather than in the models themselves.
One of the input emission inventories that has been widely used in ECHAM-HAM simulations, as well as in other Earth System Models (Pozzoli et al., 2011; Makkonen et al., 2009 Makkonen et al., , 2012 Tonttila et al., 2015) , is the Aerosol Inter Comparison data set, AeroCom , developed for the purpose of conducting improved simulations of aerosol-climate interactions (Samset et al., 2014) . However, the AeroCom emission inventory does not include a specific framework for particle number emissions. Hence, the input particle number emissions used in the simulations with AeroCom are   3   68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83   84  85  86  87  88  89  90  91  92  93  94  95  96   97  98  99  100  101  102  103  104 estimated from the particle mass emissions by the ECHAM-HAM during the initialization routine. In more detail, the estimation of number emissions consists of a simplistic multiplication of the given AeroCom mass emissions by a mass-to-number conversion factor. Each conversion factor that is applied for building the log-normal distribution is calculated by assuming that the mass emissions for each main source sector are distributed to predefined modes according to predefined densities, geometric mean radii and standard deviations, as described by Vignati et al., (2004) and Stier et al., (2005) . This simplistic mass-to-number conversion factor does not represent the relationship between the particle mass and number size distributions in a realistic way, because such framework does not take into account the variation of emitted particle number size distributions from different emitting sources. The AeroCom inventory includes anthropogenic activities, from which the mass-to-number converted emissions are split into half between the Aitken and accumulation modes, and finally converted into log-normal modes. However, the recently-developed inventories allow for global aerosol simulations with a more detailed aerosol emission size distribution (Paasonen et al., 2016) with the GAINS emission scenario model (Greenhouse gas -Air pollution INteractions and Synergies; Cofala et al., 2009; Amann et al., 2011) . GAINS data are organized into more detailed anthropogenic sources than AeroCom, with different particle number emissions and size distributions related to different fuels and technologies.
In this work, we first develop a novel module for anthropogenic particle number emissions in Earth System Models. Our experiment, performed with ECHAM-HAM, consists of replacing the mass-to-number converted anthropogenic AeroCom aerosol emissions with number emissions from the GAINS-model. This study has a dual target: first, it aims at improving the ECHAM-HAM capability for estimating particle number concentrations, with a special focus on accumulation mode particles, and second, it investigates the feasibility of using the GAINS model for global climate modeling studies by running the ECHAM-HAM with both AeroCom and GAINS data sets. We will make a comparison between AeroCom and GAINS in terms of emissions, modeled particle number concentrations and size distributions, as well as modeled CCN number concentrations. Finally, we will compare the modeled number size distributions with observations in different environments around the world. We used the global aerosol climate model ECHAM5.5-HAM2 (Stier et al., 2005; Zhang et al., 2012) with M7 microphysics module (Vignati et al., 2004) . The M7 describes the aerosol number size distribution with seven log-normal modes, in which the Aitken, accumulation and coarse modes are present in both the soluble and insoluble phases, while the nucleation mode is present only as the soluble mode. The compounds modeled in our simulations are black carbon (BC), organic carbon (OC), sulfate (SO4), dust and sea salt. The emission module used in ECHAM-HAM reads data for anthropogenic, biogenic, wildfire, volcanic, agricultural emissions, secondary organic aerosols (SOA) and shipping sources. In our experiments, we modified only the part of the ECHAM-HAM source code that handles the anthropogenic emissions.
Our experiment consisted of two one-year simulations, using identical model settings but different data set for anthropogenic sources: AeroCom and GAINS (see Sect. 2.3). The experiment run was set to start indicatively on October 1, 2009 and end on December 31, 2010 with a three-month spin-up period and one-hour time resolution for the output. The modeled data for our analysis were collected from January 1, 2010 to December 31, 2010. The model was nudged against 2010 ECMWF ERA-Interim (Berrisford et al., 2011) observed meteorology data in order to reduce noise in model estimations and to increase the statistical significance of the eventual anthropogenic aerosol perturbation signal (Kooperman et al., 2012) . The model has a horizontal gaussian grid (192×96) with a grid box size of ~200×200 km at the equator, and a vertical resolution of 31 hybrid sigma layers.
Emission scenario model GAINS
The GAINS (Greenhouse gas -Air pollution Interactions and Synergies) model is an integrated assessment model developed at IIASA (International Institute for Applied Systems Analysis) in Laxenburg, Austria (Amann et al, 2011 activities, amounts of different fuels consumed for combustion activities, shares of different emission abatement technologies, and emission factors for different activity-fuel-technology-combinations.
The GAINS scenarios include information on the annual activity levels and shares of emission control technologies for nearly 170 regions, being countries or parts or groups of countries, in five-year intervals from 1990 to 2050. The activity levels are based on national and international statistics, latter available from International Energy Agency (IEA), Organisation for Economic Co-operation and Development (OECD), United Nations (UN) and Food and Agriculture Organization of the United Nations (FAO) and Eurostat, and the shares of control technologies are derived from national and international information on the related legislation, discussion with national experts and scientific publications. The emission factors for all combinations of source sectors, fuels and technologies are determined from the scientific publications or measurement databases. For detailed description of sources and methods to derive underlying particulate matter emissions see Klimont et al. (2016) .
The particle number emission factors with the related number size distributions were recently implemented to GAINS (Paasonen et al., 2016) . This implementation allowed for detailed assessment of particle number emissions with more than 1000 measures controlling emissions in each of the close to 170 regions, and in internally consistent manner with emissions of other air pollutants and greenhouse gases. The GAINS particle number emissions are known to be subject to uncertainties, especially in terms of nucleation mode emissions, but the major particle number sources, such as road transport and residential combustion, are reasonably well represented down to the control technology level. The determination of emission factors for particle number emissions and particle size distributions is based on the European particle number emission inventory developed by TNO (Denier van der Gon et al., 2009 Gon et al., , 2010 .
In this study, we applied the gridded emissions for year 2010 based on the 'ECLIPSE version 5' dataset developed within the EU FP7 ECLIPSE project (Stohl et al., 2015) . The gridded dataset and their brief characterization is freely available from the IIASA website:
http://www.iiasa.ac.at/web/home/research/researchPrograms/air/PN.html. 
Aerosol schemes
The version of ECHAM-HAM used in this work includes nucleation, condensation and coagulation modules. Previous studies have shown that the implementation of an activation-type nucleation improves particle number concentration estimations in modeling (Spracklen et al., 2010; Makkonen et al., 2012) . In our experiment, we coupled a binary sulphuric acid-water nucleation scheme (Vehkamäki et al., 2002) with an activationnucleation scheme described by Paasonen et al., (2010, Eq. 10) , in which the nucleation rate (J) is a function of the activation coefficient and sulphuric acid concentration, expressed as
The settings of our simulations included a specific module for SOA formation. Here, we modeled the SOA formation with both kinetic condensation onto a Fuchs-corrected surface area (CS) and partitioning according to a preexisting organic mass (Riipinen et al., 2011; Jokinen et al., 2015) . This SOA module includes three biogenic volatile organic compound (BVOC) tracers: isoprene, endocyclic monoterpenes and other monoterpenes, each having monthly resolutions for emissions. We did not use any nucleation scheme for organic vapors, because the simple activation-type nucleation, while not accurate for individual sites, describes the nucleation in different environments reasonably well (Paasonen et al., 2010) . The particle growth from nucleation size to the dp of 3 nm was calculated according to Kerminen and Kulmala (2002) . BVOC emissions were implemented using the MEGAN2 (Guenther et al., 2006) model. MEGAN2 estimates biogenic emissions for about 150 compounds from different ecosystems, paying a particular attention to monoterpenes. This framework takes into account several factors that influence BVOC emissions, including the leaf age, soil moisture and light environment. MEGAN2 was run offline and its output data were used for the ECHAM-HAM input initialization. More details can be found in Makkonen et al. (2012) .
Shipping emissions are embedded in the AeroCom data set, but not included in GAINS. In our experiment, we masked out the AeroCom shipping emissions with a land-sea mask produced by applying Climate Data Operator (CDO) to the AeroCom. Hence, shipping emissions were not taken into consideration. All non-anthropogenic emissions, such as volcanic emissions, dimethylsulfide (DMS, Kloster et al., 2006) emitted by the sea and dust, were taken from AeroCom in both simulations. All emission data, excluding SOA precursors, DMS emissions and wildfire, were input as annual-averages. As a result, the seasonality in concentrations of anthropogenic compounds is mostly due to the nudged meteorology. with a chemical differentiation that includes BC, OC and SO4, and a bi-level vertical distribution (2-zL) that consists of two surface layers: a lower level below 100 meters above the sea level for emissions from transportation and domestic combustion, and a higher level for industrial activities whose emissions reach altitudes higher than 100 meters. While BC does not require preprocessing during the simulation, input emissions of OC and SO4 undergo a further conversion during the initialization routine: OC mass is converted into primary organic matter (POM) mass with a multiplying factor 1.4 (Turpin et al., 2000; Kupiainen and Klimont, 2007) , and emissions containing sulfur (S) are input as both sulfur dioxide (SO2) and SO4. The primary SO4-core particle fraction is estimated as 2.5% of gaseous SO2, as described by Dentener et al. (2006) . The masses of BC and POM are uniquely treated as Aitken mode particles (dp = 10-100 nm). The mass of SO4 is divided between the Aitken mode, accumulation mode (dp = 100-1000 nm) and coarse mode (dp > 1 μm) through a rough estimation: the lower-surface-level SO4 is split equally between the Aitken mode and accumulation mode, whereas the higher-surface-level SO4 is split equally between the accumulation mode and coarse mode. The mass is then converted by the model into a particle number size distribution. The mass-tonumber flux factors, expressed as m2n in Figure 1 , are embedded in the emission-reading routine. The number of particles is calculated through the generic function where M is the mass of given emissions and m is the average mass estimated for a single particle. The particle mass m in Eq. (2) is extended in the model according to the Hatch-Choate conversion equations (Hinds, 1982) , in which the density, count median radius and standard deviation are predefined for each chemical compound and size mode, as described by Stier et al. (2005) . The count median radius is fixed at 30 nm and 75 nm for the Aitken mode and accumulation mode, respectively, and the standard deviation is set to 1.59 for all the modes except the coarse mode for which it is 2.0. The species density is set to 1841 kg m for BC and OC. Altogether, these parameters differentiate the species according to their chemistry and solubility. The number flux conversion is therefore expressed as
where ρ is the density of a determined chemical compound i, and the expression in brackets is the mean radius of a particle with certain solubility j and size mode k. The quantity cmr is the predefined count median radius as it is expressed in the model code, while cmr2ram is a conversion factor that multiplies cmr in order to estimate the radius of average mass. The cmr2ram factor depends uniquely on the standard deviation of the log-normal particle number distribution.
GAINS
In the second simulation, the sub-module that converts the input mass to the number flux described in Eqs. (2-3) was switched off and we implemented the recently-developed 2010 GAINS anthropogenic emissions (Paasonen et al., 2016 ; see also section 2.1.2). The emission sectors considered for our experiment included the energy production, flares, industrial combustion and processes, transportation, waste combustion and domestic/commercial combustion. A detailed description of the sectors and emission factors is presented in Paasonen et al. (2016) .
The number size distribution data provided by GAINS are organized into nine size bins with a geometric diameter ranging from 3 nm to 1000 nm. However, in this study we implemented the GAINS data for the Aitken mode and accumulation mode only (dp = 10-1000 nm), so that the particle number implementation was consistent with the AeroCom simulation which lacked the nucleation mode conversion factor in the source code aerosol module. Therefore, in the GAINS simulation we kept the AeroCom data for the gas phase sulfur and coarse SO4 in order to identify the global impact of GAINS implementation on submicron particles. Furthermore, we used the same bilevel 2-zL scheme as for the SO4 vertical distribution in AeroCom: emissions from the transportation, agriculture fires, waste combustion and domestic combustion were put into the lower level (<100 m a.s.l.), whereas the energy, flares, industry and power plant sectors of GAINS were implemented into the higher level (>100 m a.s.l.).
GAINS provides the number-only emission data without chemical speciation and vertical distribution (see Table 1 ). Thus, we followed a series of steps in order to partition the GAINS raw data into BC, POM and SO4 in a consistent format for the model. Table 1 and Figure 1 visually illustrate the implementation framework. In more detail, we (I) off-line converted AeroCom mass into number using ECHAM-HAM factors, (II) estimated the chemical species fraction among the respective Aitken mode and accumulation mode in AeroCom numbers, (III) applied such fractions to the total Aitken mode and accumulation mode particle numbers in the GAINS to have the correspondent BC, OC and SO4 repartition, and finally, IV) used the mass-to-number factors used in (I) to estimate the speciated GAINS mass.
Comparison with observations
Our study focused on particle number concentration and size distributions along with CCN concentrations at the supersaturations of 0.2% (CCN0.2) and 1.0% (CCN1.0). We compared the modeled particle number concentrations and size distributions against observations collected from 11 sites around the world. A detailed description of the observation data is illustrated in Table 2 . The modeled data extracted from all sites were averaged over the year and plotted against observations to investigate the overall model performance. The particle number concentration and mean particle radius of the whole output data were used for plotting the number distributions from 6 of the 11 original sites, which were chosen to represent areas with a strong presence of anthropogenic emissions (Nanjing, Sao Paulo and Tomsk) as well as areas dominated by biogenic emissions (Hyytiälä, K-Puszta and Värriö annual-average and number distribution comparisons, the modeled layer closest to Earth's surface was chosen for analysis. Modeled CCN concentrations were studied by comparing simulations with AeroCom emissions against those from GAINS emissions for both CCN0.2 and CCN1.0. CCN concentrations were extracted and averaged from the lowest three model layers in order to reduce background noise in mapping the global concentrations. Due to the coarse grid size and inhomogeneous sources around measurement sites, the evaluation against observations is not expected to yield one-to-one validation of aerosol concentrations (Schutgens et al., 2016) .
Results and discussion
Here we show the comparison between AeroCom and GAINS implementation before (emissions, section 3.1) and after (atmospheric concentrations, sections 3.2 and 3.3) running the ECHAM-HAM model. Our experiment was performed with the same model settings in both simulations and it was nudged against meteorology data. As a result, our analysis focused merely on the differences between the particle number emissions of the two data sets and their different effects on modeled particle concentrations. In the following sections, we will first show the difference between AeroCom and GAINS in terms of input emissions, after which we will compare the modelsimulated particle number concentrations and size distributions with observational data. Finally, we will assess the effect of GAINS implementation on global CCN concentrations.
Differences in particle number emissions
In this section, we present a preliminary assessment of input emissions to illustrate the main differences between the two gridded data sets before starting the simulation. Table 3 shows global emissions and their ratios between GAINS and AeroCom for the whole domain. When the emissions were globally averaged (Rtot), GAINS showed higher total number emissions by a factor of 2.2. However, when looking at individual grid cells, the total particle number emission ratios between Aerocom and GAINS had a large spatial variability (Figure 2) , even though the median value of this ratio was very close to one (see Rgrid in Table 3 ). Globally, the Aitken to accumulation mode particle emission ratio was about two orders of magnitude in AeroCom emissions, while being less than a factor four in GAINS emission. The averaged emission ratios demonstrate that accumulation mode emissions play a critical role in the GAINS implementation, with both Rattot and Rgrid ratios increasing dramatically compared with AeroCom. The averaged Aitken mode particle emissions from GAINS did not show a similar increase, and the Ratgrid median value was even lower than that in the AeroCom emissions. The Rtot and Rgrid ratios of Aitken mode emissions were 1.7 and 0.7, respectively. This difference shows that the Aitken mode particle emissions are quantitatively higher in GAINS than in AeroCom when their geographical distribution differences are not taken into account. However, when the data sets were compared by confronting each grid cell one by one, AeroCom emissions were higher than GAINS in a prevalent area of the global domain.
It is important to mention that the high differences between GAINS and AeroCom in terms of Aitken and accumulation mode emissions that are presented in Table 3 are partly caused by the different shares of BC, OC, and SO4 in GAINS and AeroCom data sets. In the assumptions made for the AeroCom emissions, fossil fuel and biofuel emissions are implemented in Aitken mode only. In more detail, all BC emissions from AeroCom are implemented in the M7 module as insoluble Aitken mode particles, which are converted to soluble particles after sulfate condensation. The significant difference in accumulation mode emissions and concentrations results from non-existing accumulation emissions from fossil fuels and biofuels in the AeroCom data set.
Simulated particle number concentrations and size distributions
Here we present the core of our analysis, which includes an assessment of the modeled particle number concentrations against observations. Figure 4 shows the annual-averaged modeled particle concentration in comparison with observations from eleven sites. Overall, both emission data sets showed a tendency of underestimating particle number concentrations in model simulations, especially for the locations having high observed particle number concentrations. Underestimation of the highest particle concentrations might be, at least partly, related to the spatial resolution of ECHAM-HAM, due to which the typically high particle concentrations near urban or industrial areas will be distributed evenly into a large model grid cell (Stier et al., 2005) . A comparison of the model results with the observational data shows that the GAINS implementation significantly improved the reproduction of observed concentrations in accumulation mode (dp > 100 nm), being closer to observations than AeroCom at all 11 sites. For the Aitken mode (dp = 10-100 nm), similar improvement was not reached, as the observed concentrations were better reproduced with AeroCom than with GAINS at 8 sites. Figure 5 shows the modeled particle number size distributions against observations at 6 measurement sites. The size distributions modeled with the GAINS emissions agreed relatively well with the measurements for the accumulation mode, whereas the nucleation and Aitken modes were underestimated in simulations with both emission data sets. GAINS underestimated the Aitken mode particle concentrations more heavily than AeroCom, by a factor of two to three in Hyytiälä, Värriö and Kpuszta, suggesting that the higher condensation sink associated with higher accumulation mode particle emissions in GAINS had a significant impact on modeled ultra-fine particle number concentrations. In addition, Hyytiälä and Värriö are regions in which BVOC emissions and clean air are the key influencing factors for new particle formation and particle growth (Ruuskanen et al., 2007; Corrigan et al., 2013; Liao et al., 2014) . This was reflected in the model results: particle number size distributions in Hyytiälä and Värriö were quite similar between the two simulations based on different anthropogenic emission data sets. Contrary to this, Nanjing, Sao Paulo and Tomsk are areas with strong influences by anthropogenic emissions, so that in comparison with AeroCom, the simulations with GAINS emissions produced higher accumulation mode and Aitken mode particle number concentrations as well as better agreements with the observations in these regions. Nevertheless, the model was not able to reach the observed ultra-fine particle concentration in either simulation in most areas, and the higher CS in GAINS significantly reduced particle number concentrations of the smallest particles in most regions. Some areas showed a dramatic reduction in simulated ultrafine particle number concentrations e.g. in Nanjing the whole modeled nucleation mode was wiped out when using the GAINS emissions.
The above results suggest that in ECHAM-HAM, as well as probably in other climate models, the current nucleation and growth schemes may need further revisions. However, it is also likely that the anthropogenic emissions of especially nucleation mode particles in GAINS are still severely underestimated for many source sectors (Paasonen et al., 2016) . This is because many of the measurements, on which the GAINS emission factors are based, are not sensitive to non-solid nucleation mode particles, such as those formed via nucleation of sulfur or organic vapors immediately after the combustion or at small downwind distances in plumes from different combustion sources (Stevens and Pierce, 2013) . In addition, the lower modeled Aitken mode particle concentrations from GAINS emissions may, in some parts of the global domain, be also related to possible overestimations in the accumulation mode particle emissions in the GAINS model, which are consequently affecting the formation and growth of smaller particles.
Nonetheless, all the model versus observation comparisons between the simulations clearly represent a consistent challenge for climate models in modeling ultra-fine particle number size distributions. Figure 6 shows absolute annual-average particle concentrations for the accumulation mode and Aitken mode with both AeroCom and GAINS emissions. While the regional distributions had similar patterns in both simulations, there were evident differences when looking at the two size modes. Accumulation mode particle concentrations were higher for the simulation with the GAINS emission in most regions, which is consistent with the input emissions assessment. The differences were particularly evident over the developing areas where anthropogenic activities represent the main source of atmospheric particle, especially in South America, central Africa, India, China and south-east Asia. As observed in Figure 5 , the high accumulation mode particle number concentrations in the simulation with the GAINS emission has a critical effect on Aitken mode particle concentrations at most sites. A peculiar pattern is observed in China where the dominant presence of anthropogenic sources from GAINS led the model to predict high concentrations of ultra-fine particles. The decrease in GAINSderived Aitken mode particle number concentrations in areas where emissions were actually higher than the AeroCom emission implies that Aitken mode particles had been removed, or their secondary production was hindered, by the prominent increase of the CS caused by a higher number of emitted accumulation mode particles. 
Concentrations and sources of CCN
This section presents the impact of particle emission data on atmospheric CCN concentrations on annual and seasonal perspectives. It is important to note that the applied anthropogenic number emissions did not have a seasonal variation, so the seasonal differences are entirely due to the variation of other emissions, and mainly to the strong temperature dependence of biogenic SOA formation affecting the CCN concentration (Paasonen et al., 2013) . Our results showed clear differences in the simulated CCN concentrations between the two primary emission data sets, and these differences depended strongly on the considered supersaturation (Figure 7 and 8).
At the 0.2% supersaturation, the CCN concentrations were higher with the GAINS emissions compared with the AeroCom emissions in practically all the regions and during all seasons (Figure 8 ). The annual-average CCN0.2 concentration ratio between the GAINS and Aerocom was two to three in most areas, with peaks of four to ten in south America, central Africa and east Asia (Figure 7 ). However, a significant fraction of the global accumulation mode particle concentration was observed in India, China and south-east Asia (see Figure 6) , and thus the increase in absolute CCN0.2 concentration due to anthropogenic emissions is largest in eastern China and south-east Asia. Our analysis of the seasonality revealed that the difference between GAINS and AeroCom simulations in terms of CCN0.2 concentrations was the largest during the cold season in January, with boreal and arctic regions showing an increment of GAINS/AeroCom CCN0.2 ratio up to a factor of seven to ten. The southern hemisphere also displayed notable differences in both South America and South-East Asia, with GAINS/AeroCom CCN0.2 ratios of three to ten during the warmest season.
At the supersaturation of 1.0%, a significant fraction of Aitken mode particles is capable of acting as CCN. Opposite to the CCN0.2 concentrations, the simulated CCN1.0 concentrations with the GAINS emissions were lower than with AeroCom emissions, with a GAINS/AeroCom ratio between 0.5 and 1 in most regions (Figure 7 ). Our seasonality analysis showed that the simulation with the GAINS data set produced higher CCN1.0 concentrations than AeroCom in Europe, India and East Asia during the winter. However, such ratio was equal to one or below in most regions, except eastern Asia, during the warmer seasons. GAINS emissions arise from the relatively similar Aitken mode number emissions between GAINS and AeroCom, but significantly larger CS from GAINS causing a decrease in secondary ultrafine particle formation. However, in China and South-East Asia, the annual CCN1.0 concentration from GAINS was higher than from AeroCom by at least a factor of two, suggesting that these regions may play a key role in contributing for the global anthropogenic emissions and increment of CCN.
It is important to remark that the substantial differences in CCN concentrations illustrated above are linked to the implementation of different data sets, and therefore the modeled estimations might be affected by uncertainties of the GAINS model as well. Furthermore, it may be questioned whether the ECHAM-HAM is actually able to estimate CCN concentrations with GAINS better than with AeroCom. This goes beyond the fundamental goal of this study, which is to address the feasibility of using GAINS emissions in global climate modeling. However, the modeled GAINS accumulation mode particle number concentrations agree with observation significantly better than AeroCom. This, based on the sensitivity analysis by Lee et al. (2013) , suggests that the GAINS implementation is likely to estimate CCN concentrations better than AeroCom. In any case, further studies are needed to address the tangible contribution of the GAINS model in improving modeled CCN concentration. Furthermore, it would be beneficial to investigate how the applied nucleation scheme, combined with the GAINS anthropogenic emissions, affects the estimation of CCN concentration to better identify the driving forces behind the uncertainties of modeling particle number size distributions with the global climate models.
Conclusions
The outcome of our experiment shows that the most significant differences between the GAINS and AeroCom emissions data sets are (i) the particle size distribution in the Aitken mode and accumulation mode, and (ii) the geographical distribution of the particle number emissions over the global domain. The accumulation mode particle emissions from GAINS are significantly higher than AeroCom, by factors from 10 to 1000, thus potentially resulting in dramatic increases of climatically active primary particles and simultaneous decreases in secondary ultrafine particle formation due to higher values of CS and coagulation sink. In comparison to AeroCom emissions, GAINS emissions produced much higher accumulation mode particle concentrations, but the consequently higher CS and coagulation sink led to lower Aitken mode concentrations with GAINS emissions than with AeroCom emissions. In comparison to observation data at eleven measurement sites, the modeled annual-averaged concentrations with GAINS emissions performed better than with AeroCom emissions, in terms of bringing the modeled accumulation mode particle concentrations closer to observation at all eleven sites, and Aitken mode particle concentrations closer to observation at three sites. However, higher underestimation was observed in the simulation with GAINS emissions for particles with dp < 30 nm.
The underestimation of dp < 30 nm particle concentrations in the simulation with GAINS emissions highlighted the sensitivity of nucleation mode and Aitken mode particle concentrations to CS and coagulation sink. This underestimation is presumably partly caused by underestimations in emissions of non-solid nucleation/Aitken mode particles in the GAINS model (Paasonen et al., 2016) . As a first next step, the nucleation parameterizations and the sensitivity of the concentrations of sulfuric acid (the main precursor in the applied nucleation parameterization) to altered CS should be revised.
It is important to note that the simulations performed in this study did not implement an up-to-date secondary organic aerosols (ELVOCS) nucleation scheme, which may represent a further step to reduce the gap between the modeled and observed concentrations. Finally, given the high spatial variability of global emissions, more observation data and the establishment of new measurement stations in varying environments are urgently needed to better evaluate the model results. 847  848  849  850  851  852  853  854  855  856  857  858  859  860  861  862  863  864  865  866  867  868  869  870  871  872  873  874  875  876  877  878  879  880  881 882  883  884  885  886  887  888  889  890  891  892  893  894  895  896  897  898  899  900  901  902  903  904  905  906  907  908  909  910  911  912  913  914  915  916  917  918  919  920  921  922  923  924  925  926  927  928  929  930  931  932  933  934 935  936  937  938  939  940  941  942  943  944  945  946  947  948  949  950  951  952  953  954  955  956  957  958  959  960  961  962  963  964  965  966  967  968  969  970  971  972  973  974  975  976  977  978  979  980  981  982  983  984  985 TABLES   Table 1 . Input data provided from AeroCom inventory and GAINS model for submicron particle emissions. The data is sorted according to its original structure in terms of mass, number, chemical species differentiation ( Table 3 . Total particle number (second and third columns) and global average ratios (fourth and fifth columns) of input emissions computed for the whole domain. Rtot ratios are calculated by firstly averaging the emissions among the whole domain for each data set, and secondly divide GAINS by AeroCom. This method aims at studying absolute differences in the global emissions with no regard to geographical distribution differences. In Rgrid we firstly divide the data sets to keep the information of data sets differences for each grid cell, and secondly compute the median of gridded ratios. Table 4 . Modeled global annually-averaged concentrations of total particle, CCN0.2 and CCN1,0 with AeroCom and GAINS data sets (second and third columns). Continental and (global) average ratios of total particle and CCN concentrations were calculated as in Table  3 . 
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